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Of the many factors which influence the rate of cooling, by far the most important is the size of the sample. The necessity for cutting small pieces to minimize ice crystal artefact has been realized since the introduction of freezing as a method of histological fixation (1, 2) , but until we examined the problem mathematically before starting to cut these extremely small pieces, we did not appreciate just how small was small. The essential point brought olat by computation was that if anything approaching ideal cooling (that is, cooling in which the surface of the sample is maintained at the temperature of the body of the coolant) could be achieved, the cooling rate would be inversely proportional to the square of the least linear dimension. This is illustrated in Fig. 1 . Thus a cube 0.1 ram. on edge might be expected to cool 100 times faster than one 1.0 ram. on edge.
The conditions of heat transfer at the surface are important in determining for how small a sample ideal cooling can be approximated. Experimentally recorded cooling curves of thin copper slabs cooled in liquid propane, isopentane, and liquid nitrogen are compared in Fig. 2 . For such a system cooling is limited only by surface transfer. Propane clearly gives somewhat better surface transfer than isopentane and both are better by an order of magnitude than liquid nitrogen. Detailed analysis shows that the assumption of ideal cooling is not valid (even when cooling in liquid propane) for pieces of tissue in which the least linear dimension is less than about 1.0 ram. For smaller pieces cooling rate is still size-dependent, but more nearly proportional to the inverse first power than to the inverse square of the least linear dimension.
The relation between cooling rates and crystallization phenomena was more difficult to determine. Some previous attempts we had made to get a relation between ice crystal size and cooling rate had yielded essentially random results (3) . At first the electron microscopic observations were equally puzzling. Either almost no apparent crystallization or complete crystallization into fairly large 45 crystals was observed. This raised the unpleasant possibility that artefact due to ice crystals, if not too disruptive, may be masked or reconstituted in later stages of preparation. However, this all-or-none crystallization turns out to be predicted by theory, and is probably the strongest evidence that samples which show no obvious ice crystal artefact are vitrified during the cooling.
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In deriving the theory we assume that crystallization can occur only in a certain range of temperature, let us say between 0 and --140°C., the temperature at which we will assume transition takes place from a metastable vitreous state to a crystalline state (see Appendix I). For water the transition temperature is probably somewhat above --140°C. (4, 5) and some of our unpublished data indicate that it may be in the region of --100°C. for tissue (guinea pig liver). Regardless of the exact value of the transition or devitrification temperature, as soon as the sample is cooled below it, crystal growth ceases, and any remaining water remains uncrystallized. In order to maintain cooling in FIo. 1. Relation of cooling rate to sample size. The curve shows the average cooling rate between 20 and --80°C. for a sphere with the heat constants of water, the initial temperature of 20°C., and final temperature of --180°C. under the assumption that after the start of cooling the surface of the sphere is maintained at --180°C.
the region of crystallization the rate of heat removal by conduction must at all times exceed the rate of heat production by crystallization, because the rate of heat release by crystallization increases rapidly with time whereas the rate of heat removal remains constant or decreases (6) . Hence if the former overtakes the latter, cooling ceases, warming occurs, and crystallization goes to completion. On the other hand if cooling is sufficiently rapid so that the sample can reach the transition temperature before the temperature minimum occurs, only a fraction of the sample will be crystallized. The various possibilities are shown in Fig. 3 . These are theoretical cooling curves but are computed from experimentally determined constants and in shape are counterparts of various types of experimentally recorded curves, some examples of which are shown in Fig. 4 .
In simplification, according to the theory, a critical rate of heat removal exists which separates complete crystallization from nearly complete vitrification. The theoretical dependence of crystallization fraction on rate of heat removal, that is, on "cooling rate," is shown in Fig. 5 . As a corollary to this relation, because of the primary dependence of cooling rate on specimen size, one would expect to find a critical size separating complete crystallization from partial vitrification. This has been verified in the microscopic observations, and for guinea pig liver cooled in liquid propane appears to be a cube of the order of 0.5 mm. on edge. Smaller pieces show only a scattered few large empty holes thought to represent gross ice crystals and larger pieces show numerous such holes throughout the specimen on electron microscopic examination. In general, this theoretical relation is in entire agreement with the microscopic observations. The correlation of cooling curves recorded from embedded microthermocouples with microscopic observations on the same pieces is still in its pre-liminary stages, but so far has supported the theory. From our present data, the best estimate of the critical cooling velocity is that it is about 5000°C/sec. or, more accurately, that a tissue specimen must be cooled below --100°C. in less than 2/~ 00 of a second if complete crystallization is to be avoided. The transition temperature for guinea pig liver appears to be closer to --100°C. than --130°C.
(the best estimate for water) on the basis of our present data.
From the application of the detailed theory (6) to microscopic and cooling data at least approximate rates of crystal growth and crystal formation can be estimated. Estimates on the basis of very preliminary data indicate that the rate of formation of new ice crystals, in both water and tissue, is of the order of 1017 to 1019 nuclei (new crystals) per cm 3. sec. The data also suggest that the rate of nucleation is higher in tissue than in water. If so, this might be explained on the basis of much greater probable importance of heterogeneous nucleation in tissues, with crystals forming around colloidal inclusions, in contrast to homogeneous nucleation, in which new crystal nuclei result from statistical fluctuations in the molecular ordering of water molecules. Such differences in the phase transformations of water in tissue and pure water, if substantiated by the studies now in progress, would be indicative of fundamental differences in the organization of protoplasmic water and pure water.
In conclusion, it must be emphasized that this study is as yet only partially completed. In particular, in relation to the electron microscopy, the investigation of possible phase transformations of water to ice during the warming and drying is only in its first stages. A detailed report of the work on cooling summarized above is in preparation. If c(t) and q(t) are also assumed constant, (2) can be integrated to give
_~ --c[T --T,.]+ LKt4/4.
When the phase transformation is complete (i.e., w(t) = 1) or when the sample is cooled below the transition temperature, the term in Lw becomes stationary and (4) becomes
in which tl is the time a[ which the phase transformation and the associated heat release cease. From the time when the cooling curve intersects the transition temperature, the fractional phase transformation at that temperature can be computed from (3). From fitting recorded cooling curves, K values of the order of 10 5 cm.3/sec. 4 cm. ~ have been found for water, and l0 7 for guinea pig liver. In computing the curves of Figs. 3 and 5, a K value of l0 3 sec. -4 was assumed. From combined cooling and microscopic data the rate of radial growth, B, has been estimated to be of the order of 10 -4 cm./sec. These values of K and B give the estimated nucleation rates of 1017 ice crystal nuclei per cm? sec. for water and 1019 for guinea pig liver mentioned above. It should be emphasized that these estimates are based on very preliminary data and do not take into account the temperature dependence of either the rate of nucleation or the rate of crystal growth.
